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Abstract 
Under the concept of "Industry 4.0", production processes will be pushed to be increasingly interconnected, 
information based on a real time basis and, necessarily, much more efficient. In this context, capacity optimization 
goes beyond the traditional aim of capacity maximization, contributing also for organization’s profitability and value. 
Indeed, lean management and continuous improvement approaches suggest capacity optimization instead of 
maximization. The study of capacity optimization and costing models is an important research topic that deserves 
contributions from both the practical and theoretical perspectives. This paper presents and discusses a mathematical 
model for capacity management based on different costing models (ABC and TDABC). A generic model has been 
developed and it was used to analyze idle capacity and to design strategies towards the maximization of organization’s 
value. The trade-off capacity maximization vs operational efficiency is highlighted and it is shown that capacity 
optimization might hide operational inefficiency.  
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Peer-review under responsibility of the scientific committee of the Manufacturing Engineering Society International Conference 
2017. 
Keywords: Cost Models; ABC; TDABC; Capacity Management; Idle Capacity; Operational Efficiency 
1. Introduction 
The cost of idle capacity is a fundamental information for companies and their management of extreme importance 
in modern production systems. In general, it is defined as unused capacity or production potential and can be measured 
in several ways: tons of production, available hours of manufacturing, etc. The management of the idle capacity 
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Abstract 
There are numerous research efforts that address the monitoring and control of additive manufacturing (AM) processes to improve 
part quality. Much less research exists on process monitoring and control of Fused Deposition Modeling (FDM). FDM is inherently 
a thermal process and thus, lends itself to being study by thermography. In this regard, there are various process parameters or 
process signatures such as built-bed temperature, temperature mapping of parts during deposition of layers, and the nozzle extrusion 
temperature that may monitor to optimize the quality of fabricated parts. In this work, we applied image based thermography layer 
by layer with the usage of an infrared camera to investigate the thermal behavior and thermal evolution of the FDM process for the 
standard sample  printed by ABS filament. The combination of the layer bas d temperature profile plot and the temporal plot has 
be n utilize  to understa d the temperature distribution and average temperature through the layers under fabrication. This 
information provides insights for potential modification of the scan strategy and optimization of process parameters in future 
research, based on the thermal evolution. Accordingly, this can reduce some frequent defects which have roots in thermal 
characteristics of the deposited layers and also, improve the surface quality and/or mechanical properties of the fabricated parts. In 
addition, this approach for monitoring the process will allow manufacturers to build, qualify, and certify parts with greater 
throughput and accelerate the proliferation of products into high-quality applications.  
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1. Introduction 
Fused deposition modeling (FDM) is inherently a 
thermal process and thus, the quality of the final part 
de nds significantly on the thermal evolution of the 
process. For instance, one critical thermal step in the 
FDM process is increasing the temperature of the 
material (polymer) up to its glass transition 
temperature. This temperature refers to the state at 
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Abstract 
There are numerous research effort  that address the mon toring and control of a ditive manufacturing (AM) processes to improve
part quality. Much less research exists on process monitoring and control of Fused Deposition Mod ling (FDM). FDM is inherently
a thermal proces  and thus, lends itself to being study by thermography. In this re ard, there are various proc ss parameter  r
process signatures such as buil -bed temp rature, temperature mapping of parts during deposition of l yers, an t  nozzle extrusion
temperature that may m nitor to optimize the quality of fabrica ed parts. In th s work, we applied image bas d thermography layer
by layer with the usage of an infrared c mer  to invest g e the therm l beh vior and thermal evolution of the FDM pr cess f r the
standard samples printed by ABS filamen . The combination of th  l y r based temperature profile plot and the temporal plot a
been utilized t  understand the temperature distribution and average temper ture through the layers under fabrication. This
information provides insights for p tential modification of the scan strategy and optimization of pro ess parame ers in future
rese rch, based on th  therma  evolution. Accordingly, this can reduce some fr que t defects which have roots in thermal
characteristics of the deposited layers and also, improve the surface quality and/or mechanical properties of the fabricated pa ts. In
addition, this approach for monitoring the process w ll allow m nufacturers t  build, qualify, and certify parts with greater 
throughput  accelerate the proliferation of products into high-quality applications.  
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1. Introduction 
Fused eposition modeling (FDM) is inherently a 
thermal process and thus, the quality of the final part 
depends significantly on the thermal evolution of the 
process. For instance, one critical thermal step in the 
FDM process is increasing the temperature of the 
material (polymer) up to its glass transition 
temperature. This temp rature refers to the state at 
2 Author name / Procedia Manufacturing 00 (2018) 000–000 
which amorphous phase commences and it is different 
from melting temperature [1]. Studies by Sun et al in 
2008 and Berretta et al in 2017 suggest that at these 
levels, the polymer viscosity reduces and its flow 
increases [2, 3]. In this respect, controlling of the 
nozzle temperature significance as a process parameter 
[4].  Another thermal fact is an instant hardening of the 
deposited material as it fuses to the layer beneath [1]. 
As soon as the layer is fabricated, another layer is 
deposited by the extrusion nozzle. The FDM process is 
not a flawless process. The materials characteristics, 
the difficulties in printing finely-detailed items (3D 
printer limitations), discerning of optimized process 
parameters, and unfavorable/uncontrolled thermal 
aspects of the process, are the essential contributing 
items lead to some process defects. While current AM 
machine tools are greatly improved from early 
versions, many of the same problems identified by 
early researchers in the 1980s persist [5]. Some of 
these defects directly have root in thermal 
characteristics and also, the temperature distribution of 
deposited layers. Warping and curling, for instances, 
are significantly dependent on the thermal interaction 
between the current layer and the layers fabricated 
earlier. As Fig. 1 shows, these defects refer to the 
printed part curving or bending upwards from the 
platform. The top layer contracts relative to the bottom 
layer since the new layer possess a higher temperature 
than preceding one. The warping is created by the 
thermal stresses caused by the temperature gradient 
between the layers [5-7]. These aspects of FDM 
process, suggest monitoring of the temperature 
distribution and thermal evolution of parts during 
deposition of layers, as a key towards a better 
understanding of the process. This information can 
also utilize in the future to control of the process 
parameters for favorable temperature evaluation and 
thus, reaching a better quality. In addition, monitoring 
and control will allow industries to build, qualify, and 
certify parts for higher performance application [8, 9]. 
performance application [8, 9]. Currently, many 
machine condition monitoring strategies are based on 
two types of models, physics-based models and data-
driven (empirical) models. The first type of models 
predicts the phenomena of systems with the 
consideration of physical natures and mechanisms of 
the systems whereas, the second type utilizes historical 
data only to build analytical models for product 
property or failure predictions [10]. According to the 
study by Everton et al. in 2015, the lack of an inbuilt 
system to study the on-going fabrication process of 3D  
 
 
 
 
 
 
 
 
 
         
Figure 1: Cooling of build layers and part contraction in FDM 
process 
printer, and closed-loop control algorithms makes 
manufacturers adjust process parameters. This 
adjustment is based on heuristics from previous 
fabrication runs, yielding limited improvement in part 
quality, and requiring many builds run for 
convergence [9, 11]. Basically, a typical machine 
condition monitoring sequence includes sensing and 
data collection, data processing and feature extraction, 
cognitive decision making, and action (selection of 
optimized process variable) [10, 12]. In this regard, 
there has always been a constant effort for employing 
of different methods and process measurement to 
monitor AM processes; however, much less research 
exists on process monitoring and control of FDM to 
improve quality parts. In one recent effort, Cummings 
et al in 2016 used ultrasonic excitation as a mean of 
detecting filament bonding failures introduced by 
manipulating the print bed temperature during the 
fused deposition modeling build process [13]. In 
another effort, Wu et al. in 2016 proposed a new 
method for in-situ monitoring of FDM machine 
conditions through the application of acoustic 
emission (AE) technique [10]. The proposed method 
allowed for the identification of both normal and 
abnormal states of the machine conditions. 
Furthermore, as Krauss H., et al reported in 2012, 
infrared thermography has been employed in quite a 
number of study concerning process monitoring in 
additive manufacturing. Most of these studies are 
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a thermal process and thus, lends itself to being study by thermography. In this regard, there are various process parameters or 
process signatures such as built-bed temperature, temperature mapping of parts during deposition of layers, and the nozzle extrusion 
temperature that may monitor to optimize the quality of fabricated parts. In this work, we applied image based thermography layer 
by layer with the usage of an infrared camera to investigate the thermal behavior and thermal evolution of the FDM process for the 
standard samples printed by ABS filament. The combination of the layer based temperature profile plot and the temporal plot has 
been utilized to understand the temperature distribution and average temperature through the layers under fabrication. This 
information provides insights for potential modification of the scan strategy and optimization of process parameters in future 
research, based on the thermal evolution. Accordingly, this can reduce some frequent defects which have roots in thermal 
characteristics of the deposited layers and also, improve the surface quality and/or mechanical properties of the fabricated parts. In 
addition, this approach for monitoring the process will allow manufacturers to build, qualify, and certify parts with greater 
throughput and accelerate the proliferation of products into high-quality applications.  
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material (polymer) up to its glass transition 
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based on selective laser melting (SLM) since it is a 
thermal process [14]. Thermography can also be 
suitably used to monitor the FDM process because it 
is inherently a thermal process. Studies by Kousiatza 
et al in 2017 show enumerated temperatures within the 
chamber, temperature mapping of parts during 
deposition of layers, and the nozzle extrusion 
temperature as the parameters for monitoring and 
control in the FDM process [15]. Zhou Z., et al in 2017 
also developed an experimental model to aid in 
applying a cost-effective infrared thermography 
imaging method, to acquire temperature history of 
filaments at the interface and their corresponding 
cooling mechanism to map the temperature within the 
build volume of the oven [16]. The use of 
thermography for process monitoring in FDM was 
very promising, however, the literature on it is very 
limited. In this regard, we perform a real-time 
monitoring of FDM process of ABS plastic to 
investigate the thermal evolution and thermal 
behaviour such as quantify the temperature 
distribution through the printing layers, the average 
temperature of printing layers,  comparing the thermal 
evolution/behavior of the specimens printed in 
different orientations, etc. during part evolution. 
Interpretation of these thermal data can be assisted to 
potential offline/online modification of the scan 
strategy in future research for each and every layer. 
 
2. Methodology and experimental setup: 
The specimen selected for monitoring and evaluation 
is based on the ASTM tensile strength test standard 
part. The dimensions of the sample with minor 
adjustments to facilitate the printing process are shown 
in Fig. 2. Twenty-seven different specimens were 
printed and monitored to understand the thermal 
evolution through the fabrication of parts while the 
printing process parameters, namely, nozzle 
temperature, printing speed, and print orientation were 
adjusted for each part. An Air-Wolf FDM 3-D printer 
was used to fabricate the specimens. The 30% infill 
density, honeycomb fill pattern, and rectilinear 
top/bottom layers fill pattern are utilized to print the 
specimens. The printing parameter values were 
selected based on the machine and material 
specifications.  The material used for printing the 
specimens was Filabot ABS 1.75 mm. The build 
orientation, shown in Fig. 3, was adjusted in the X, Y 
and Z orientations. A FLIR IR camera A325 series 
(Fig. 4.a) interfaced with the Research IR Max 
software student test version (Fig. 4.b) was used for 
monitoring the process and acquiring the thermal data. 
The fabrication process was monitored and the results 
were analyzed and revealed in section 3. 
Table 1: printing parameters adjusted for fabrication 
process of specimen S1-S27 
Printing parameters Parameters values 
Nozzle temperature in 
°C 
215 225 235 
Printing speed in mm/s 20 40 60  
 
 
 
 
 
 
 
 
 
 
 
Figure 2: The modified ASTM tensile strength sample used for 
printing 
 
Figure 3: X, Y, and Z build orientation used in fabrication of the 
specimens 
 
         
Z 
b 
Y 
X 
Z 
a 
4 Author name / Procedia Manufacturing 00 (2018) 000–000 
          
Figure 4: a. Monitoring the FDM process on the Air-Wolf 3D 
printer with FLIR IR camera A325; b. The Research IR Max 
software GUI to measure thermal evolution of the fabrication 
process 
3. Results and discussion 
3.1. Thermography Results from the specimens 
fabricated on the AirWolf 3-D printer 
The Research IR Max software graphical user 
interface (GUI) is utilized for the in-situ monitoring of 
fabrication process (Fig. 4.b). The infrared real-time 
video shows the deposited material during fabrication 
of the part in successive layers on the GUI left. The 
temperature profile on the GUI top right (see Fig. 5.a 
as an example) shows the average temperature in the 
column of pixels in the monitored region of interest 
(ROI) (see Fig. 4). Thus, providing information on the 
average temperature and temperature distribution over 
the built layer surface. In this case, the ROI is the 
region showing layer-wise material deposition process 
as the specimen individual layers are being built. The 
temporal plot, placed on the GUI bottom right (see Fig. 
5.b as an example), provides information on the part 
build temperature distribution across the layer surface 
with respect to printing time. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5:a.  An example of  temperature profile; b. an example of 
temporal plot 
3.2. Temperature profile plot trends 
Three generic plot trends (Fig. 6) were observed 
during the monitoring process of the specimens in the 
X, Y, and Z -axis orientation. These plots were 
observed to occur based on the starting point of the 
printer nozzle, the printed direction of the previous 
layer, and the pattern followed in the material 
deposition. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    
Figure 6: a, b, and c; Generic plot trends observed during 
monitoring process of printing the specimen 
b 
b 
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(ROI) (see Fig. 4). Thus, providing information on the 
average temperature and temperature distribution over 
the built layer surface. In this case, the ROI is the 
region showing layer-wise material deposition process 
as the specimen individual layers are being built. The 
temporal plot, placed on the GUI bottom right (see Fig. 
5.b as an example), provides information on the part 
build temperature distribution across the layer surface 
with respect to printing time. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5:a.  An example of  temperature profile; b. an example of 
temporal plot 
3.2. Temperature profile plot trends 
Three generic plot trends (Fig. 6) were observed 
during the monitoring process of the specimens in the 
X, Y, and Z -axis orientation. These plots were 
observed to occur based on the starting point of the 
printer nozzle, the printed direction of the previous 
layer, and the pattern followed in the material 
deposition. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    
Figure 6: a, b, and c; Generic plot trends observed during 
monitoring process of printing the specimen 
b 
b 
c 
a 
a 
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In the temperature profile plot trend shown in Fig. 6.a, 
average temperature retrieved from the ROI column of 
pixels is initially high; then gradually reduces in 
magnitude. This occurs when the material deposition 
pattern begins from the geometric origin of the layer 
being printed then follows along the entire length of 
the specimen to the geometric endpoint of layer being 
printed. In the temperature profile plot trend shown in 
Fig. 6.b, average temperature retrieved from the ROI 
column of pixels is initially low; then gradually 
increases in magnitude. This occurs when the material 
deposition pattern begins from the geometric endpoint 
of the layer being printed then follows along the entire 
length of the specimen to the geometric origin of the 
layer being printed. In the temperature profile plot 
trend shown in Fig. 6.c, average temperature retrieved 
from the ROI column of pixels is initially high and 
although gradually reduces in magnitude; begins again 
to gradually increases in magnitude. This occurs in 
two statuses. The first status is when the material 
deposition pattern begins either from the geometric 
origin or endpoint of layer being printed. Then 
continues to a point along the length of the specimen 
layer being printed. It then skips to the opposite end of 
that layer and begins to deposit material while 
returning to the skip-point. We also observe this trend 
in the temperature profile plot while the first or last 
number of layers are printed for the specimen in Y-
orientation. As Fig. 3 shows, in these layers the 
printing cross-sectional areas exist just in the left and 
right hand side of the layers and thus, the temperature 
of the middle of the layers falls down. These material 
deposition patterns (print strategy) were repeated as 
the successive layers were built.  
 
3.3. Temporal plot interpretation 
As it was already mentioned, the temporal plot 
provides information on the layer surface temperature 
distribution through the specimen built layers with 
respect to time elapsed. The nature of the generated 
curves can be interpreted to determine the part layer-
wise thermal evolution and the uniformity of heat in 
successive part built layers. The layer surface 
temperature is influenced by the interaction between 
the heat affected zone (HAZ), the area closest to the 
printer nozzle as the material being deposited, and the 
already deposited material. In observing the temporal 
plot, a smooth plot suggests a more evenly distributed 
temperature at the layer being built and preceding 
layers. These smoother plots were observed to occur 
more during printing of last layers in the y-axis 
orientation and x-axis orientation. While the temporal 
plots of the initial layers of the specimens were seen to 
have more fluctuations, than the specimen mid and 
final build layers. For an instance, the temporal plot 
for the layer 6 and layer 30 of specimen S4 compared 
together in Fig. 7. The source of these fluctuations in 
the plot is the temperature differences between the 
interacting regions, namely, HAZ, the already 
deposited material on that layer, and also previously 
built layers. Considering these explanation, it should 
be clear the reasons why the temporal plots of the 
initial layers of the specimens were seen to have more 
fluctuations than the specimen mid and final build 
layers. Practically, the availability of more deposited 
material in the mid and final build layers that serve as 
heat sink facilitate more even distribution of 
temperature with respect to time at the layer and 
between the already built layers. In Fig. 7, for an 
instance, we can see that the temporal plot in initial 
layers indicates significant fluctuation and the 
temperature differences between the interacting 
regions is about 10 °C. By passing more time, although 
the temporal plot shows initial irregularity, it gradually 
begins to show more evenness. At layer 30, the 
fabrication is almost complete and the temperature 
differences decline to about 3.8 °C.  
                    
Figure 7: a. Thermal evolution and plot for specimen S4 layer 6; b. 
Thermal evolution and plot for specimen S4 layer 30 
6 Author name / Procedia Manufacturing 00 (2018) 000–000 
It is noteworthy that changing the cross-sectional area 
may also affect the plot. Larger printed area leads to 
higher average temperature. However, for the 
specimens printed here in Y and Z directions, the 
effect of changing the cross-sectional area versus the 
thermal effect of the already deposited material of 
previous layers were negligible. Another source of 
these fluctuations in the temporal plots during printing 
of the part are attributed to the presence of intermittent 
pores and dense regions in the specimen being built 
(Fig. 8.a). This source of fluctuation  in temporal plot 
can be seen especially for the specimens printed in X 
and Y-axis orientation. It was, however, observed that 
the temporal plots are predominantly uniform for the 
Z-axis orientation (Fig.8.b). This happens because of 
small cross-section, short printing time for each layer, 
and thus, less temperature gradient between different 
zones of each layer.        
 
 
 
 
 
            
Figure 8: a. a layer with pores and dense and its fluctuating 
temporal plot; b. a specimen printed in Z-axis and its uniform 
temporal plot 
 
3.4. Comparison of thermal evolution between 
different printing orientation 
The combination of the layer-wise temperature profile 
plot and temporal plot provide insights for specimens 
fabricated in different orientations. The specimens 
printed in the X-axis orientation required 35 layers to 
be built. As it was explained in the previous section, 
the thermal trend in this orientation suggests a low 
uniformity in temperature changes between the earlier 
layers (see Fig. 7.a as an example). The temperature 
profile shows that in layer 1 the temperature for the 
specimens with different process parameters 
distributed across the surface with the range of 42.7 ℃ 
to 79.1℃.  The average of this range (���� is 60.9 °C) 
shows the average temperature of the first layer. We 
can see that this value is very close to the average 
temperature of the whole process until that moment, 
that is obtained from the temporal plot. The temporal 
plot has a range between 54.5℃ to 65.1℃ whose 
average is 59.8 °C. At the mid layer (layer 17) the 
temperature, shown in temperature profile plot, 
distributed across the surface with the range of 44.5 ℃ 
to 78.7℃ with the average of 61.6 °C and in the 
temporal plot has a range between 60.8℃ to 62.9℃ with the average of 61.8 °C which is again very close to the average temperature derived from the temperature profile plot. We also can see that the 
average temperature of the whole process is increased 
2 °C until this moment (it reaches from 59.8 °C to 61.8 °C) . Finally, at the final layer (layer 35), the 
temperature profile shows the temperature, distributed 
across the surface, with the range of 45.4 ℃ to 78.8℃ with the average of 62.1 °C. The temporal plot has a 
range between 64.4℃ to 66.8℃ with the average of 
65.6 °C which shows 5.8 °C increase in the average 
temperature of the whole process since the first layer 
fabricated. The specimens printed in the Y-axis 
orientation required 59 layers and the ones printed in 
the Z-axis orientation required 1256 layers to be built. 
A similar thermal evolution was observed for these 
orientations. In Y-axis orientation, the average 
temperature of the whole process increased 4.4 °C 
(from 54.9 °C in the first layer to 59.3 °C in layer 59) 
and in Z-axis orientation, the average temperature of 
the whole process increased 8 °C (from 48.2 °C in the 
first layer to 56.2 °C in layer 1256). The increase in 
the average temperature from beginning to the end of 
process mentions that the parts printed in Z, X, and Y-
axis orientation have respectively the highest amount 
of heat accumulation. Our observations show that 
there are four factors affect the heat accumulation 
during the fabrication of specimens. First and 
foremost, the time elapsed between the deposition of 
layers. The shorter the time is, the less time remains 
for heat dissipation and thus, the average temperature 
will increase more. Second, the size of the cross-
section. The bigger size of cross-section leads to 
absorbing heat more and thus, increase the heat 
b 
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In the temperature profile plot trend shown in Fig. 6.a, 
average temperature retrieved from the ROI column of 
pixels is initially high; then gradually reduces in 
magnitude. This occurs when the material deposition 
pattern begins from the geometric origin of the layer 
being printed then follows along the entire length of 
the specimen to the geometric endpoint of layer being 
printed. In the temperature profile plot trend shown in 
Fig. 6.b, average temperature retrieved from the ROI 
column of pixels is initially low; then gradually 
increases in magnitude. This occurs when the material 
deposition pattern begins from the geometric endpoint 
of the layer being printed then follows along the entire 
length of the specimen to the geometric origin of the 
layer being printed. In the temperature profile plot 
trend shown in Fig. 6.c, average temperature retrieved 
from the ROI column of pixels is initially high and 
although gradually reduces in magnitude; begins again 
to gradually increases in magnitude. This occurs in 
two statuses. The first status is when the material 
deposition pattern begins either from the geometric 
origin or endpoint of layer being printed. Then 
continues to a point along the length of the specimen 
layer being printed. It then skips to the opposite end of 
that layer and begins to deposit material while 
returning to the skip-point. We also observe this trend 
in the temperature profile plot while the first or last 
number of layers are printed for the specimen in Y-
orientation. As Fig. 3 shows, in these layers the 
printing cross-sectional areas exist just in the left and 
right hand side of the layers and thus, the temperature 
of the middle of the layers falls down. These material 
deposition patterns (print strategy) were repeated as 
the successive layers were built.  
 
3.3. Temporal plot interpretation 
As it was already mentioned, the temporal plot 
provides information on the layer surface temperature 
distribution through the specimen built layers with 
respect to time elapsed. The nature of the generated 
curves can be interpreted to determine the part layer-
wise thermal evolution and the uniformity of heat in 
successive part built layers. The layer surface 
temperature is influenced by the interaction between 
the heat affected zone (HAZ), the area closest to the 
printer nozzle as the material being deposited, and the 
already deposited material. In observing the temporal 
plot, a smooth plot suggests a more evenly distributed 
temperature at the layer being built and preceding 
layers. These smoother plots were observed to occur 
more during printing of last layers in the y-axis 
orientation and x-axis orientation. While the temporal 
plots of the initial layers of the specimens were seen to 
have more fluctuations, than the specimen mid and 
final build layers. For an instance, the temporal plot 
for the layer 6 and layer 30 of specimen S4 compared 
together in Fig. 7. The source of these fluctuations in 
the plot is the temperature differences between the 
interacting regions, namely, HAZ, the already 
deposited material on that layer, and also previously 
built layers. Considering these explanation, it should 
be clear the reasons why the temporal plots of the 
initial layers of the specimens were seen to have more 
fluctuations than the specimen mid and final build 
layers. Practically, the availability of more deposited 
material in the mid and final build layers that serve as 
heat sink facilitate more even distribution of 
temperature with respect to time at the layer and 
between the already built layers. In Fig. 7, for an 
instance, we can see that the temporal plot in initial 
layers indicates significant fluctuation and the 
temperature differences between the interacting 
regions is about 10 °C. By passing more time, although 
the temporal plot shows initial irregularity, it gradually 
begins to show more evenness. At layer 30, the 
fabrication is almost complete and the temperature 
differences decline to about 3.8 °C.  
                    
Figure 7: a. Thermal evolution and plot for specimen S4 layer 6; b. 
Thermal evolution and plot for specimen S4 layer 30 
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It is noteworthy that changing the cross-sectional area 
may also affect the plot. Larger printed area leads to 
higher average temperature. However, for the 
specimens printed here in Y and Z directions, the 
effect of changing the cross-sectional area versus the 
thermal effect of the already deposited material of 
previous layers were negligible. Another source of 
these fluctuations in the temporal plots during printing 
of the part are attributed to the presence of intermittent 
pores and dense regions in the specimen being built 
(Fig. 8.a). This source of fluctuation  in temporal plot 
can be seen especially for the specimens printed in X 
and Y-axis orientation. It was, however, observed that 
the temporal plots are predominantly uniform for the 
Z-axis orientation (Fig.8.b). This happens because of 
small cross-section, short printing time for each layer, 
and thus, less temperature gradient between different 
zones of each layer.        
 
 
 
 
 
            
Figure 8: a. a layer with pores and dense and its fluctuating 
temporal plot; b. a specimen printed in Z-axis and its uniform 
temporal plot 
 
3.4. Comparison of thermal evolution between 
different printing orientation 
The combination of the layer-wise temperature profile 
plot and temporal plot provide insights for specimens 
fabricated in different orientations. The specimens 
printed in the X-axis orientation required 35 layers to 
be built. As it was explained in the previous section, 
the thermal trend in this orientation suggests a low 
uniformity in temperature changes between the earlier 
layers (see Fig. 7.a as an example). The temperature 
profile shows that in layer 1 the temperature for the 
specimens with different process parameters 
distributed across the surface with the range of 42.7 ℃ 
to 79.1℃.  The average of this range (���� is 60.9 °C) 
shows the average temperature of the first layer. We 
can see that this value is very close to the average 
temperature of the whole process until that moment, 
that is obtained from the temporal plot. The temporal 
plot has a range between 54.5℃ to 65.1℃ whose 
average is 59.8 °C. At the mid layer (layer 17) the 
temperature, shown in temperature profile plot, 
distributed across the surface with the range of 44.5 ℃ 
to 78.7℃ with the average of 61.6 °C and in the 
temporal plot has a range between 60.8℃ to 62.9℃ with the average of 61.8 °C which is again very close to the average temperature derived from the temperature profile plot. We also can see that the 
average temperature of the whole process is increased 
2 °C until this moment (it reaches from 59.8 °C to 61.8 °C) . Finally, at the final layer (layer 35), the 
temperature profile shows the temperature, distributed 
across the surface, with the range of 45.4 ℃ to 78.8℃ with the average of 62.1 °C. The temporal plot has a 
range between 64.4℃ to 66.8℃ with the average of 
65.6 °C which shows 5.8 °C increase in the average 
temperature of the whole process since the first layer 
fabricated. The specimens printed in the Y-axis 
orientation required 59 layers and the ones printed in 
the Z-axis orientation required 1256 layers to be built. 
A similar thermal evolution was observed for these 
orientations. In Y-axis orientation, the average 
temperature of the whole process increased 4.4 °C 
(from 54.9 °C in the first layer to 59.3 °C in layer 59) 
and in Z-axis orientation, the average temperature of 
the whole process increased 8 °C (from 48.2 °C in the 
first layer to 56.2 °C in layer 1256). The increase in 
the average temperature from beginning to the end of 
process mentions that the parts printed in Z, X, and Y-
axis orientation have respectively the highest amount 
of heat accumulation. Our observations show that 
there are four factors affect the heat accumulation 
during the fabrication of specimens. First and 
foremost, the time elapsed between the deposition of 
layers. The shorter the time is, the less time remains 
for heat dissipation and thus, the average temperature 
will increase more. Second, the size of the cross-
section. The bigger size of cross-section leads to 
absorbing heat more and thus, increase the heat 
b 
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accumulation. Third, the nozzle temperature. 
Increasing the nozzle temperature raise up the filament 
temperature that injects from the nozzle. This affects 
the average temperature of the deposited material. The 
final reason is the number of layers. More layers to 
deposit, more temperature increases. As Fig. 3 shows, 
according to these factors however the part printed in 
Z-axis orientation has the smallest cross-section 
compared with the specimens printed in the other two 
orientations, it leads to a very short time between layer 
deposition and thus, more heat accumulation. Also, the 
number of layers in this orientation is significantly 
higher than the specimens printed in the other two 
orientations. On the other hand, the number of the 
layers for the specimens printed in X and Y direction 
is close to each other but the part printed in X 
orientation has a bigger cross-section and thus, absorb 
more heat during the process.  
 
3.5. Monitoring of thermal behavior to enhance 
mechanical properties 
In this stage, we perform the tensile test on twenty-
seven printed specimens whose thermal data already 
monitored during the fabrication process. Table 1 
shows the process parameters used for printing the 
specimens. In these experiments, there are some 
uncertainty parameters affect the thermal evolution of 
the part under fabrication such as the ambient 
condition, the printer precision, etc. In most cases, the 
information derived from observing the temperature 
profile and temporal plot, suggest that a fabrication 
process with more even temperature distribution 
across individual build layers and through the part 
layers would facilitate better mechanical properties. 
However, the process parameters have a significant 
effect on the final mechanical properties of fabricated 
parts. Fig. 9 shows the maximum mechanical 
properties, obtained from performing of the tensile test 
for different process parameters [4]. The role of 
thermal evolution cannot be ignored. The monitoring 
of temperature distribution, the average temperature 
gradient between the fabricated layers can be utilized 
for modification of scan strategies, the pause between 
layer fabrication to make enough time for adequate 
heat dissipation, and also printers chamber conditions 
in order to reach more uniform temperature 
distribution during fabrication. Furthermore, 
examining of the specimens printed in Z-axis 
orientation shows the necessity of controlling the 
average temperature, obtained from the temporal plot, 
to compromise between good mechanical properties 
and final surface condition. In this orientation, 
increasing the average temperature of the fabricated 
layers, either by increasing the nozzle temperature or 
reducing the printing speed, improved some 
mechanical properties but reduced the surface 
condition. Thus, the average temperature may be 
utilized as a criteria for obtaining the optimized set of 
nozzle temperature and printing speed in order to 
achieve the desired mechanical properties and surface 
condition. This can happen by controlling of process 
parameters such as printing speed, pausing between 
layer fabrication, nozzle temperature, and airflow 
speed in the printer chamber.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
          
 
 
 
 
Figure 9: The maximum mechanical properties of the printed 
specimens 
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4. Conclusions and future works 
This research work presents thermal experiments 
analysis and parameters effects on FDM process. The 
study also employs an in-situ monitoring technique to 
track the thermal evolution in the fabrication process. 
The combination of the layer-wise temperature profile 
plot and temporal plot provide insights for specimens 
fabricated in X, Y, and Z-axis orientation. The thermal 
trend through the evolution of the specimen seen in the 
thermal profile plot suggests a low uniformity in 
temperature changes between the earlier layers and 
more even distribution as the build progresses through 
the half to the final layers. The thermal measurement 
also showed the influence of the temporal average 
temperature of the part under fabrication on its final 
quality. The information retrieved from observing the 
temperature profile and temporal plot, suggest that a 
fabrication process with more even temperature 
distribution across individual build layers and through 
the part layers would facilitate better mechanical 
properties. It was observed that the ambient 
temperature, infill scan pattern, and infill density also 
would have significant effects on the thermal 
evolution of the build layers. In this work all the 
experiments carried out in a standard room 
temperature condition, with the same mentioned scan 
strategy. The effects of altering the ambient 
temperature and scan strategy were not investigated. 
More precise results with same profiles’ trends are 
predicted to be acquired for the experiments printed in 
a sealed chamber. These could be controlled and 
studied in future research. Correlating of printing 
parameters and thermal evolution with the 
microstructural characteristics of the specimens would 
also provide more insights in this subject matter. In 
addition to the aforementioned points, the image 
monitoring, processing techniques and results analysis 
derived from this work can be applied in real-time 
monitoring and control of metal additive 
manufacturing technologies. 
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accumulation. Third, the nozzle temperature. 
Increasing the nozzle temperature raise up the filament 
temperature that injects from the nozzle. This affects 
the average temperature of the deposited material. The 
final reason is the number of layers. More layers to 
deposit, more temperature increases. As Fig. 3 shows, 
according to these factors however the part printed in 
Z-axis orientation has the smallest cross-section 
compared with the specimens printed in the other two 
orientations, it leads to a very short time between layer 
deposition and thus, more heat accumulation. Also, the 
number of layers in this orientation is significantly 
higher than the specimens printed in the other two 
orientations. On the other hand, the number of the 
layers for the specimens printed in X and Y direction 
is close to each other but the part printed in X 
orientation has a bigger cross-section and thus, absorb 
more heat during the process.  
 
3.5. Monitoring of thermal behavior to enhance 
mechanical properties 
In this stage, we perform the tensile test on twenty-
seven printed specimens whose thermal data already 
monitored during the fabrication process. Table 1 
shows the process parameters used for printing the 
specimens. In these experiments, there are some 
uncertainty parameters affect the thermal evolution of 
the part under fabrication such as the ambient 
condition, the printer precision, etc. In most cases, the 
information derived from observing the temperature 
profile and temporal plot, suggest that a fabrication 
process with more even temperature distribution 
across individual build layers and through the part 
layers would facilitate better mechanical properties. 
However, the process parameters have a significant 
effect on the final mechanical properties of fabricated 
parts. Fig. 9 shows the maximum mechanical 
properties, obtained from performing of the tensile test 
for different process parameters [4]. The role of 
thermal evolution cannot be ignored. The monitoring 
of temperature distribution, the average temperature 
gradient between the fabricated layers can be utilized 
for modification of scan strategies, the pause between 
layer fabrication to make enough time for adequate 
heat dissipation, and also printers chamber conditions 
in order to reach more uniform temperature 
distribution during fabrication. Furthermore, 
examining of the specimens printed in Z-axis 
orientation shows the necessity of controlling the 
average temperature, obtained from the temporal plot, 
to compromise between good mechanical properties 
and final surface condition. In this orientation, 
increasing the average temperature of the fabricated 
layers, either by increasing the nozzle temperature or 
reducing the printing speed, improved some 
mechanical properties but reduced the surface 
condition. Thus, the average temperature may be 
utilized as a criteria for obtaining the optimized set of 
nozzle temperature and printing speed in order to 
achieve the desired mechanical properties and surface 
condition. This can happen by controlling of process 
parameters such as printing speed, pausing between 
layer fabrication, nozzle temperature, and airflow 
speed in the printer chamber.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
          
 
 
 
 
Figure 9: The maximum mechanical properties of the printed 
specimens 
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4. Conclusions and future works 
This research work presents thermal experiments 
analysis and parameters effects on FDM process. The 
study also employs an in-situ monitoring technique to 
track the thermal evolution in the fabrication process. 
The combination of the layer-wise temperature profile 
plot and temporal plot provide insights for specimens 
fabricated in X, Y, and Z-axis orientation. The thermal 
trend through the evolution of the specimen seen in the 
thermal profile plot suggests a low uniformity in 
temperature changes between the earlier layers and 
more even distribution as the build progresses through 
the half to the final layers. The thermal measurement 
also showed the influence of the temporal average 
temperature of the part under fabrication on its final 
quality. The information retrieved from observing the 
temperature profile and temporal plot, suggest that a 
fabrication process with more even temperature 
distribution across individual build layers and through 
the part layers would facilitate better mechanical 
properties. It was observed that the ambient 
temperature, infill scan pattern, and infill density also 
would have significant effects on the thermal 
evolution of the build layers. In this work all the 
experiments carried out in a standard room 
temperature condition, with the same mentioned scan 
strategy. The effects of altering the ambient 
temperature and scan strategy were not investigated. 
More precise results with same profiles’ trends are 
predicted to be acquired for the experiments printed in 
a sealed chamber. These could be controlled and 
studied in future research. Correlating of printing 
parameters and thermal evolution with the 
microstructural characteristics of the specimens would 
also provide more insights in this subject matter. In 
addition to the aforementioned points, the image 
monitoring, processing techniques and results analysis 
derived from this work can be applied in real-time 
monitoring and control of metal additive 
manufacturing technologies. 
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